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Local structures of liquid water studied by x-ray emission spectroscopy
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The OKa x-ray emission spectra of water clusters with different sizes and conformations embedded in a
continuum medium are simulated. The calculations have successfully explained the experimental spectra of
water in both gas and liquid phases. It is shown that the x-ray emission spectra are very sensitive to the local
hydrogen bonding structures. Strong electron sharing between different water molecules is observed and its
possible connection to the covalency of hydrogen bonding is discussed. The experimentally observed strong
excitation energy dependence of the spectra has been interpreted in terms of the polarization and angular
dependence for the gas phase, and in terms of variations of local hydrogen bonding structures for the liquid
phase.
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I. INTRODUCTION

The simplicity of the water molecule with its electron
poor nondegenerate electronic structure has made it an o
ous test bed and demonstration case for spectroscopy as
as for theoretical modeling, something that in a certain se
contrasts the complexity of liquid water and the rather c
spicuous difficulties of determining even the most ba
properties of the solvated water molecule. The use of x-
spectroscopy~not to be confused with x-ray diffraction sca
tering!, has, however, not been used often in the contex
liquid water, owing to some previous technical problems
sample handling in ultrahigh vacuum conditions. Thus o
now, a quarter of a century after the first recording of s
x-ray emission~XES! of free water with molecular orbita
resolution,1 is a similar effort possible for the liquid case2

This time lag is somewhat unfortunate from the viewpoint
the inherent probing characteristics of x-ray spectroscopy
molecules and materials with element, positional and ori
tational specificity, and with local bond and building bloc
probing capability, which have been extensively used in m
lecular and solid state studies, but which so far have not b
fully carried over to the liquid phase. Furthermore, in co
parison with commonly used electron based spectrosco
the deeply penetrating x-ray radiation truly probes bulk pr
erties, thus avoiding surface structures with strong orien
tional correlation3 and even with icelike configurations
which will have special implications for the liquid shifts.3,4

The generalization and verification of the so-called final st
rule to cover other systems than solids, have further
creased the prospects of using soft x-ray emission as a
eral electronic structure probe.5

It was clearly demonstrated in our first study on x-r
emission of liquid water2 that using current synchrotron ra
diation techniques it is indeed possible to obtain new inf
mation concerning both geometric and electronic structu
The chemical and physical features of liquid water are co
plicated and controlled by the presence of the strong hyd
gen bonding. Many models were proposed to view the
0163-1829/2004/69~2!/024201~8!/$22.50 69 0242
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tails of how liquid water is geometrically organized. There
at present a general consensus that liquid water is a ma
scopic network of molecules connected by frequent and tr
sient hydrogen bonds, which allow unbonded neighbors
occur in numbers that vary with temperature a
pressure.6–12 In contrast to the geometrical structure, info
mation about the electronic structure of liquid water rema
largely unknown due to the lack of proper experimental te
niques. By comparing x-ray emission spectra of water in
and liquid phases, the influence of the intermolecular in
action on the local electronic structure of liquid water h
been directly observed,2 revealing a strong electron sharin
among water molecules. It was also shown that through re
nant excitation, one particular three-hydrogen-bonding str
ture, where one hydrogen bond is broken, can be separa
identified,2 confirming the finding of the x-ray absorptio
study ~XAS!.13

Theoretical simulations have played an essential role
understanding the spectra. The complexity of the liquid s
tems has made it impossible to interpret the spectra w
physical intuition alone. It is also a rather formidable task
treat the whole liquid system explicitly. The fact that x-ra
spectroscopy probes mainly the local information has sim
fied the theoretical simulations drastically. A cluster mod
which contains a few solvation shells has been proven to
well adequate to describe both the absorption13 and the
emission2 spectra of liquid water. It was shown that XE
spectra calculated by a simple semi-continuum model
consists of only the first solvation shell embedded in a c
tinuum dielectric medium, captures all major features
the experimental results.2 One main intention of the presen
paper is to provide details of theoretical models and simu
tions. We present experimental measurements of reso
XES of water in gas and liquid phases. The connection
tween spectral profiles and local hydrogen bonding structu
is revealed. The origin of electron sharing among wa
molecules in the liquid phase has been given a special c
sideration.
©2004 The American Physical Society01-1
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II. COMPUTATIONAL DETAILS

The water molecule can act as both hydrogen donor
hydrogen acceptor, and can in principle form hydrog
bonds with four neighboring water molecules, being hyd
gen donor for two of them and hydrogen acceptor for
other two, which is the case in cubic ice. However, in t
liquid phase, the situation becomes complicated. Water m
ecules are constantly moving and can often be hydro
bonded to less than four neighbors, forming so-called bro
hydrogen bonding structures. We have chosen three re
sentative clusters from those used in previous simulations
XAS ~Ref. 13! and XES~Ref. 2! of liquid water. They cover
three solvation shells and contain 26 to 28 water molecu
with different local hydrogen bonding structure already
the first solvation shell. One of them has the typical fo
hydrogen bonding structure with tetrahedral coordinat
similar to that in ice, denoted as SYM. The other two clust
have broken asymmetrical hydrogen bonding structure. T
can be further distinguished from the local position of t
broken hydrogen bond: either a missing bond at the hyd
gen site~A-ASYM ! or at the oxygen site~D-ASYM!. We
have used the same notations as proposed in Ref. 13.
coordinations of these clusters are taken out from molec
dynamics~MD! simulations of Ojama¨e.13,16 The use of mo-
lecular dynamics allows us to have realistic structures
work with. However, it should be mentioned that the inte
pretation of x-ray emission spectra does not depend so m
on the quality of the MD methods applied.

Full geometry optimization of the single water molecu
was performed at the Hartree-Fock level with Sadlej ba
set14 using theDALTON program.15 The choice of this basis is
based on long experience. Nonresonant and resonant x
emission spectra of all clusters were also calculated at
same level and the same basis set. We have taken into
count the long-range intermolecular interactions by emb
ding the clusters into a dielectric medium, for which a m
tipole reaction field theory is applied. A spherical cavity
adopted and with a radius equal to the molecular size p
the van der Waals radius of the outermost atoms. The gr
theory formulation developed by Luoet al.17,18 was used to
calculate resonant XES. A Lorentzian function with lin
width of 0.5 eV is used to convolute the calculated spec
which are shifted downward by 20 eV to compensate
core-hole effect. It should be noted that the vibrational m
tions are not treated in the present study.

III. EXPERIMENT

The experiments were performed at beamline 7.0.1 at
Advanced Light Source~ALS!, Lawrence Berkeley Nationa
Laboratory. The beamline comprises a 99-pole, 5 cm pe
undulator and a spherical-grating monochromator cove
the spectral energy range between 60–1300 eV.19 The inci-
dent photon beam entered a gas cell through a 1000 Å t
silicon nitride window. A gas pressure of a few mbar w
maintained in the gas cell. As an exit window for the emitt
x-rays a 1500 Å thick polyimide window was used. XA
spectra were obtained in the transmission detection mod

The liquid samples were sealed in a cell in the liqu
02420
d
n
-
e

l-
n
n

re-
or

s

r
n
s
y

-

he
ar

o
-
ch

is

ray
e

ac-
-

-

s
up

,
e
-

e

d
g

ck

.

phase XAS and XES measurements. The incident pho
beam entered and exited from the same silicon nitride w
dow of 1000 Å thickness. XAS spectra of liquid water we
measured by using the x-ray fluorescence-yield~FY! mode.

The resolution of the monochromator was set to 0.2
for the O 1s absorption edges. The XAS spectra were n
malized by means of the photocurrent from a clean g
mesh in front of the sample to correct for intensity fluctu
tions in the photon beam. XES spectra were recorded usi
high-resolution grating spectrometer.20 The spectrometer wa
mounted parallel to the polarization vector of the incide
photon beam, with its entrance slit oriented parallel to
direction of the incident beam. The length of the gas cell e
window allowed a large portion of the interaction region
be observed by the spectrometer. The resolution of the mo
chromator and spectrometer in the gas-phase measurem
was approximately 0.65 and 1.0 eV, respectively. The re
lution of the monochromator and spectrometer in liqu
phase measurements was approximately 0.45 and 0.5
respectively.

IV. WATER MOLECULE

The water molecule belongs to theC2v symmetry group
with a ground state electronic configuratio
1a1

22a1
21b2

23a1
21b1

2. For x-ray emission spectroscopy wat
serves as an illustrative case for spectral resolution and
the useful feature of local probing of molecular orbitals: T
outermost 1b1 lone-pair orbital receives maximum intensi
in the local decomposition model, since this orbital hasp
character and is centered at the site of the core 1s orbital.
From similar arguing the bonding, respectively, antibond
3a1 and 1b2 orbitals are less intensive since they in additi
to O2p character also contain amplitudes on the hydrog
atoms. The deepest valence orbital, the 2a1 orbital with O2s
character, lacks intensity although, like the 1b1 orbital, it is
centered on the oxygen, thus demonstrating that atomic
pole selection rules are operating even when having a lo
molecular symmetry. Those three 2p-derived valence orbit-
als 1b1 , 3a1, and 1b2 are shown in Fig. 1,

FIG. 1. Density pictures of three highest occupied orbitals 1b2 ,
3a1 , and 1b1 and two lowest unoccupied orbitals 4a1 and 2b2 of
the water molecule.
1-2
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which have different orientations: 1b2 and 3a1 are lying in
the molecular plane, whereas the lone pair orbital 1b1 is
perpendicular to that plane.

Nonresonant XES of the gas phase water molecule is
sented in Fig. 2, where the three outermost valence orb
are clearly resolved. Their intensity distribution fits well wi
the orbital description given above. Remarkably, the sa
spectrum recorded by the same laboratory 25 years ago u
a 3 m grazing incidence grating spectrometer1 actually had
slightly better resolution. The Hartree-Fock result of no
resonant XES shown in Fig. 2 is also in close agreement w
previous theoretical results.21–23 It is noted that calculations
give quite good description for the spectral bands of 1b1 and
3a1, but not 1b2, with respect to the experiment in terms
both intensity profile and energy position. The 1b2 band of
the experimental spectrum is much broader and is redsh
by 1 eV. Such differences have been established as due t
so-called lifetime-vibrational interference effect, which is
result of the short lifetime of the intermediate core ho
state.24 A full description of the lifetime-vibrational interfer
ence effect requires extensive computational efforts as sh
in Ref. 24, which is difficult to apply for the larger system
such as the water clusters. We will though not take into
count the vibrational contributions to the XES spectra in
present study. Similar difference between theory and exp
ment can be found for the case of liquid water, indicating
similar effect of lifetime-vibrational interference. It is obv
ous that without treating the vibrational motions, we will n
be able to describe the proton transfer in liquid water.

The near-edge x-ray absorption spectrum of gas ph
water shows two distinct features prior to the continuum,

FIG. 2. Experimental and theoretical resonant and nonreso
emission spectra of water molecule in gas phase. The reso
emission spectra are generated from the resonant excitation t
4a1 ~in solid line! and 2b2 ~in dotted line!, respectively. The x-ray
absorption spectrum is shown in the inset.
02420
e-
ls

e
ing

-
th

ed
the

n

-
e
ri-
a

se
e

the inset of Fig. 2. They can be assigned to the lowest un
cupied orbital~LUMO! 4a1 and the second unoccupied o
bital 2b2 ~the orbital pictures of water can be found in Fi
1!. In Fig. 2, the resonant x-ray emission spectra of water
also shown. Clearly, the x-ray emission spectra are stron
dependent on the excitation energies. In comparison with
nonresonant case, resonant excitation to the LUMO (4a1)
level results in a 0.9 eV redshifting of orbital 1b1 and a
noticeable intensity reduction for orbital 3a1. The observed
redshifting is due to the screening effect that is enforced
the presence of an extra electron in the LUMO. The m
significant difference caused by the excitation to 2b2 seems
to be the decrease of intensity for 1b2. Such intensity
changes can be rationalized by the polarization or ang
dependence of the resonant x-ray emission.

It is possible to derive explicit formulas for the angul
dependence of the X-ray emission from scattering theory
plied to randomly oriented samples.18 The intensities can be
expressed as

I ~u!5I'~u!1I i~u!,

I'~u!5
1

2
I 0@12R#,

I i~u!5
1

2
I 0@11R~3 sin2u21!#, ~1!

whereu is the angle between the polarization vector of t
incident photon and the propagation direction of the out
ing photon.I 0 is proportional to the total intensity emitted i
all directions and summed over all polarization vectors anR
is the polarization anisotropy parameter. The plane wh
defines' andi is here defined as perpendicular to the dire
tion of the incident radiation. With a spectrometer which
not polarization selective it is not possible to measure
rectly I' or I i , but it is possible to measure the total inte
sity, I (u), as a function of emission angleu. The general
expressions for the anisotropy parameterR and the intensity
I 0 have been evaluated and a simple expression for the
isotropy parametersR was given in Ref. 18.

When the different final states are well separated,R has a
rather simple expression for a particular statef:

Rf5
1

5
~3 cos2w f21!, ~2!

wheref f is an angle between the transition dipole mome
of absorption and emission processes. For the case of w
when the excitation is to the LUMO 4a1, it gives

Ra1
5

2

5
, Rb1 ,b2 ,a2

52
1

5
. ~3!

For the excitation to the LUMO11, 2b2, one has

Rb2
5

2

5
, Ra1 ,b1 ,a2

52
1

5
. ~4!
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The experimental spectra of water were detected atu50,
therefore, the emission intensity can be written as

I ~00!5I 0~12R!, ~5!

where I 0 can be referred to the nonresonant emission sp
trum. One can thus expect that for excitation to 4a1 the
emission intensity fora1 orbitals should decrease, while fo
excitations to 2b2, the emission intensity of theb2 orbital is
reduced. This provides a perfect explanation for the exp
mental spectra of water and is indeed the picture obtai
from the simulations, see Fig. 2.

V. LIQUID WATER

Recently, we reported experimental measurements
theoretical analysis of resonant x-ray emission of liqu
water,2 revealing detailed information about the electron
and local hydrogen bonding structures. We will recapt
some of the important conclusions drawn from the previo
study, and present a set of resonant x-ray emission spect
liquid water and their connections to the local hydrog
bonding structures through theoretical simulations.

Upon liquefaction, the sharp spectral features in the X
of gas phase water are turned into a broad band with a
tinct preedge structure, see inset of Fig. 3. Such change
caused by strong hydrogen bonding interactions and ther
dynamic motions of water molecules. In particular, t
preedge structure in the XAS of liquid water is attribut
from one particular broken hydrogen bonding structure~D-
ASYM! showed on Fig. 4, where one hydrogen bond
missing at the hydrogen donor site of the water.13 The reso-
nant x-ray emission spectra of liquid water excited at en
gies N and P shown in Fig. 3 are the same as the on
presented in our previous work.2 By comparing with the gas
phase nonresonant spectrum, one can realize that the m
change upon solvation is the intensity loss at the region
responding to the bonding orbital 3a1 of the water molecule,

FIG. 3. Resonant x-ray emission spectra of liquid water. T
arrows shown on the x-ray absorption spectrum~inset! indicate the
excitation photon energies used.
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which can be seen as the result of a strong molecular orb
mixing among different water molecules.2 Similar changes at
the 3a1 band upon solidification were observed in th
photoelectron25 and x-ray emission spectra of ice.26 We have
also found that the resonant spectrum of liquid water exc
on top of the preedge shoulder is entirely due to
D-ASYM configuration, confirming the observation of th
XAS study.13 All these findings are supported by the theor
ical simulations as shown in Fig. 4. It should be mention
that the major differences among three structures SY
D-ASYM, and A-ASYM, is within the vicinity of the first
solvation shell. It is quite remarkable that XES can be
sensitive to the local structures. We will present more str
ing cases in the discussion to follow.

Apparently, one can expect more local structures th
those three discussed above to be present in liquid wa
Molecular dynamic simulations have identified the existen
of a small portion of structures with two or three broke
hydrogen bonds.8 It was mentioned in Ref. 13 that the stru
ture with only one donor and one acceptor generates an x
absorption spectrum similar to those obtained fro
D-ASYM. Therefore, it is impossible to distinguish its exi
tence using x-ray absorption. In contrast, the selectivity

e

FIG. 4. Calculated nonresonant and resonant x-ray emis
spectra of liquid water. The calculated nonresonant x-ray emis
spectrum of gas phase water is added~thin line, sharp structure! for
comparison.
1-4
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the XES technique can provide the answer. We have m
sured two x-ray emission spectra excited at the lower ene
side of the preedge shoulder with excitation energies 53
~S! and 533.2 eV (D), respectively. As can be seen from Fi
3, spectrumS resembles spectrumP well, indicating that
both are generated from similar structures. However, sign
cant difference between spectrumD and the other two reso
nant spectra appears. Obviously, this spectrum receives
tributions from a local structure that drastically differs fro
the D-ASYM. Calculations show that the most probab
structures are those with two broken hydrogen bonds.
detailed discussion about the simulations will be presente
the next sections. In spectrumD one can see that the inten
sity at the 3a1 region increases greatly. The relative intens
of the two spectral bands 3a1 and 1b1 seems to be close t
that for the gas phase. It is also noticed that both 3a1 and
1b2 bands are rather broad, implying that strong elect
sharing also exits in this structure.

A. First solvation shell

We have shown in our previous report2 that the first sol-
vation shell with complete hydrogen bonds can reveal
most important features of the full spectra from either cal
lations of large clusters or from experiment. From now,
will concentrate on the spectral properties of different lo
first solvation structures, which are taken out from the
ASYM cluster. These clusters will be named after the nu
ber of donors and acceptor involved. For instance, a
hydrogen bonding system is simply labeled asW-DDAA,
whereW refers to the center water molecule we are int
ested in,D and A are the donor and the acceptor, resp
tively. The small clusters are taken out from the big ASY
cluster.

It is known that x-ray emission of a single molecule c
be well described by thep population of the excited atom
simply because of the local dipole selection rule. We ha
also examined this simple approach for the water clust
Figure 5 displays the spectra of oxygen in a four hydrog
bonding structureW-DDAA calculated from bothp popula-
tion and full transition moments. Thep orbitals involved in
the p population analysis are the ones located on the ce
water molecule that is excited. Clearly, thep-population
analysis works very well for the hydrogen bonded system
well. Again, the strong electron sharing/orbital mixing b
tween water molecules are observed in thep-population rep-
resentation.

We prefer to interpret such electron sharing as a sign
covalency of hydrogen bonding as proposed by Paulin27

Isaacset al.28 claimed to have direct experimental eviden
for a substantial covalent nature of the hydrogen bond ba
on the observation of periodic intensity variations in th
Compton scattering measurements. However, their expl
tion was dismissed by theoretical calculations of Gha
et al.,29 who have shown that a calculation for the wa
dimer could reproduce the Compton scattering profile
Isaacset al., but failed to identify covalency in the bon
between two water molecules. A recent periodic Hartr
Fock study on ice shows substantial charge transfer am
02420
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water molecules in ice, indicating that the interaction b
tween water molecules in ice is different from the g
phase.30 It would thus be interesting to see what the x-r
emission spectrum of the water dimer can tell.

B. Water dimers

We first calculate spectra of the water dimer in gas ph
using the geometry optimized by Klopper31 at the CCSD~T!
level, giving an O-O distanceROO between the two wate
molecules of 2.98 Å. With this configuration the spectra
the donor and acceptor molecules are quite similar, res
bling the spectrum of single water, see Fig. 6. It should
noted that almost identical spectra have been obtained fo
water dimer at the Hartree-Fock optimized geometry. T
relative shifting between these two spectra can be easily
derstood in terms of a pure electrostatic interaction, wh
shows a typical push-pull behavior. We have also compu
the spectra of an icelike dimer based on the geometry gi
by Ghantyet al.,29 in this case the O-O distance is 2.75 Å
The spectra are almost the same as those obtained for th
phase water dimer, but showing larger relative shifting an
small degree of orbital mixing. However, to a large exte
the electron sharing between water molecules in these
cases is small. The interaction between them is dominate
the pure electrostatic interaction. Ghantyet al.29 showed that
the periodic intensity variation in the Compton scatteri
measurements of Isaacset al.28 could be reproduced in the
icelike water dimer with either Hartree-Fock or Kohn-Sha
calculations. Therefore, the evidence provided by the Com
ton scattering experiment for ice cannot be viewed as a d
nite sign of covalency in hydrogen bonds of liquid water.

FIG. 5. X-ray emission spectra obtained from full transition m
ment calculations~left! andp-population analysis~right! for the first
solvation shell structure with complete hydrogen bondsW-DDAA.
The excited oxygen is marked with an asterisk.
1-5
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What is also clear is that the observed strong orbital m
ing in the x-ray emission spectra of liquid water cannot
explained by the gas phase or icelike water dimer calc
tions presented in Fig. 6. It is noticeable that the gas ph
dimer used here possesses an optimized structure in the
phase which can never really exist in either ice or liqu
water. Therefore, it would be more relevant to calculate
spectra of a dimer that is generated from the liquid or ice.
have extracted out four possible dimer structures from
four hydrogen bonding structureW-DDAA described in the
section above. The calculated spectra for these four dim
shown in Fig. 7, are significantly different from those for t
gas phase dimer. Orbital mixing can be found for all t
cases. The relative spectral shifting follows the push-p
scheme discussed above, which is a net result of the s
electric interaction. Depending on the mutual positioning
water molecules, orbital mixing can involve different orb
als. For instance, for oxygen donors, as in the casesW-D1
andW-D2, the outermost orbital 1b1 of the ‘‘center’’ mol-
ecule strongly interacts with the 3a1 orbital of another water
molecule, resulting in a reduction of the intensity of 1b1. In

FIG. 6. X-ray emission spectra of water dimers in gas phase~g!
and ice phase~I! with O-O distance 2.98 and 2.75 Å, respective
CharactersW, A, andD refer to the water molecule, hydrogen a
ceptor, and hydrogen donor, respectively. Vertical bars repre
spectra without broadening.
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contrast, the 1b1 orbital of acceptorsW-A1 and W-A2 is
hardly involved in the interaction, instead the 3a1 orbital is
strongly affected.

A comparison between the results shown in Figs. 6 an
indicates that the conclusion about the character of hydro
bonding drawn from the analysis of gas phase dimer is ir
evant concerning the actual hydrogen bonding situation
liquid water. The mutual spatial arrangement of two wa
molecules in the liquid phase is enforced by the presenc
other water molecules connected in a large hydrogen bo
ing network. This can result in various possible dimer co
figurations that are different from the gas phase. The e
tronic structure of the water molecule in the liquid is ve
sensitive to the positions of its neighbors. Therefore, the
liability of using interaction potentials generated from t
gas phase dimer in the molecular dynamics simulation
questionable.

C. Water trimers

It is possible to construct six water trimers from th
W-DDAAstructure. The calculated x-ray emission spectra
those six trimers are given in Fig. 8. In this case, the cen
molecule is interacting with two others. It can be seen t
the relative spectral shifting is dependent on the fine bala

nt

FIG. 7. X-ray emission spectra of water dimers generated fr
the structureW-DDAA. The excited oxygen is marked with an a
terisk. The corresponding spectra for gas phase dimer are show
comparison~dotted lines!. Vertical bars represent spectra witho
broadening.
1-6
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between the forces provided by water molecule on the do
and acceptor sides. The push-pull behavior is best illustra
by the relative spectral shifting of theW-AAandW-DD struc-
tures. The calculated spectra again indicate that the or
mixing among water molecules is strongly dependent
their local arrangement.

We have seen that the experimental spectrumD in Fig. 3
is very different from the other two resonant spectraP andS.
A new local structure that differs from the broken three h
drogen bonding structure D-ASYM is responsible for suc
difference. The XAS simulations show that at this ene
position, the most possible candidate would be aW-DA
structure.13 Spectra generated from fourW-DA structures
show indeed an increase of intensity at the 3a1 region in
comparison with the spectrum of D-ASYM. However, on
W-DA-2 and W-DA-3 provide a broad spectral feature
the 3a1 region. Between these two, it seems that the sp
trum of W-DA-3 is in most close agreement with the expe
mental spectrumD.

D. Water tetramers

The strong electron sharing among water molecules
be further demonstrated by the calculated x-ray emiss
spectra of four tetramers generated from theW-DDAAstruc-
ture, see Fig. 9. The spectral shifting can be understood
the push-pull behavior of donors and acceptors.

FIG. 8. X-ray emission spectra of water trimers generated fr
the W-DDAA structure. The excited oxygen is marked with an a
terisk. Vertical bars represent spectra without broadening.
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The two W-DDA structures have the same donors, b
different acceptor. It is noticed that for both structures,
3a1 and the 1b1 orbitals of the center water molecul
strongly interact with the surroundings. The spectral pro
at the 3a1 and the 1b1 region is sensitive to the location o
the acceptor, the outermost band generated from
W-DDA2 structure is much broader than that from t
W-DDA1 structure. However, it should be noted that x-r
absorption of theW-DDA structures in the liquid water ar
always inside the continuum.13 Therefore, theW-DDAstruc-
tures cannot be separated by the XES.

The D-ASYM structure identified by both XAS~Ref. 13!
and XES~Ref. 2! is a W-AAD type of structure. For such a
structure, the orbital mixing involves mainly the 1b2 and
3a1 orbitals, while the outermost lone pair orbital 1b1 is
hardly affected. The spectral shape depends strongly on
position of the donor. TheW-AAD2 structure produces a
spectrum that is closer to that of the bigD-ASYM cluster. It
should be mentioned that although the mutual positioning
acceptors and donor in the realW-AAD structures of liquid
water can be quite different from the ones presented here
overall picture of orbital interactions is expected to be t
same.

VI. SUMMARY

We have demonstrated that x-ray emission spectroscop
a powerful tool for studying the electronic and local ge
metrical structures of liquid water. We have interpreted

-

FIG. 9. X-ray emission spectra of water tetramers genera
from theW-DDAAstructure. The excited oxygen is marked with a
asterisk. Vertical bars represent spectra without broadening.
1-7
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strong electron sharing observed in the x-ray emission s
tra of liquid water as a sign of covalency of hydrogen bon
ing. Calculations clearly show that the information about
termolecular interaction in the gas phase water dime
irrelevant to the case of liquid water. The electronic struct
of the water molecule is sensitive to the local arrangemen
the hydrogen bondings. In all cases, the 3a1 orbital of the
water molecule is affected the most. The outermost orb
1b1 interacts with others only when strong donors a
present. The x-ray emission of water in both gas and liq
phases is found to be dependent on the excitation energ
the case of gas phase, such an excitation energy depend
can be understood in terms of the polarization or angu
dependence of the resonant inelastic x-ray scattering
cesses, for which a simple analytical expression is used
the other hand, the excitation energy dependence of the x
emission spectra of liquid water is found to be mostly rela
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